Pizzo DP, Ientile R, Colombatto S, Toninello A, Satriano J. The arginine metabolite agmatine protects mitochondrial function and confers resistance to cellular apoptosis.
In the present study, we depleted intracellular polyamine content with agmatine to determine if attrition by cell death contributes to the growthsuppressive effects. We did not observe an increase in necrosis, DNA fragmentation, or chromatin condensation in Ha-Ras-transformed NIH-3T3 cells administered agmatine. In response to Ca 2ϩ -induced oxidative stress in kidney mitochondrial preparations, agmatine demonstrated attributes of a free radical scavenger by protecting against the oxidation of sulfhydryl groups and decreasing hydrogen peroxide content. The functional outcome was a protective effect against Ca 2ϩ -induced mitochondrial swelling and mitochondrial membrane potential collapse. We also observed decreased expression of proapoptotic Bcl-2 family members and of execution caspase-3, implying antiapoptotic potential. Indeed, we found that apoptosis induced by camptothecin or 5-fluorourocil was attenuated in cells administered agmatine. Agmatine may offer an alternative to the ornithine decarboxylase inhibitor difluoromethyl ornithine for depletion of intracellular polyamine content while avoiding the complications of increasing polyamine import and reducing the intracellular free radical scavenger capacity of polyamines. Depletion of intracellular polyamine content with agmatine suppressed cell growth, yet its antioxidant capacity afforded protection from mitochondrial insult and resistance to cellular apoptosis. These results could explain the beneficial outcomes observed with agmatine in models of injury and disease. oxidative stress; polyamines; free radical scavenger; Bcl-2; caspase-3 AGMATINE, a cationic biogenic amine derived from arginine, induces a select set of physiological effects (52) . The capacity to counterregulate nitric oxide (NO) as well as the proproliferative pathways of arginine places it in a pivotal position among these pathways (56) . The antiproliferative effects have garnered particular interest in the treatment of neoplasms, where levels of agmatine are lower than in the surrounding normal tissue (48) . Agmatine suppresses growth through the reduction of intracellular polyamine levels, which are required for growth, and inhibition of ornithine decarboxylase (ODC), the first and rate-limiting enzyme of polyamine biosynthesis, in all models studied to date (4, 16, 22, 29, 46, 59, 68) . Reduction of cellular polyamine levels occurs by the induction of the polyamine autoregulatory protein antizyme (4, 29, 59 ), increasing activity of polyamine catabolism (16, 68) , and/or decreasing ODC activity by another mechanism, possibly by reduction of ODC translation (4, 71) . Furthermore, agmatine is transported into mammalian cells via the polyamine transport system (57) . As polyamine transport activity correlates with proliferation rate, agmatine preferentially targets cells with high proliferative kinetics, such as transformed cells, to suppress their growth (33) .
The mechanisms of growth suppression by agmatine have yet to be fully defined. As apoptotic models have implicated that polyamine depletion is a common and potentially causal factor of apoptosis (12, 15, 25, 47) , we hypothesized that the induction of apoptosis by agmatine may contribute to the antigrowth effects through cellular attrition. Apoptosis occurs during normal development and aging as a compensatory mechanism to cellular proliferation in maintaining cell populations. This coordinated and energy-dependent process also occurs in disease states as tumor suppressor and host defense mechanisms against pathogens. Cellular constituents are not released to the surrounding tissue during this process, and, therefore, apoptosis is not associated with inflammation. Apoptotic cells can, however, regulate the immune response (61) . Alternatively, cell death by necrosis is associated with loss of cell membrane integrity and release of cellular constituents, including chemotactic factors, resulting in an inflammatory response. The combination of cell death signal(s), cell type, and surrounding milieu all contribute to determining the mode of cell death.
Two general pathways of apoptosis are the extrinsic or death receptor pathway and the intrinsic or mitochondrial pathway. These pathways may influence one another (31) and converge at the execution caspase, caspase-3. Cleavage of caspase-3 initiates a series of apoptotic events including protein modification, DNA fragmentation, apoptotic body formation, and externalization of membrane phosphatidylserine for phagocytic recognition. Withdrawal of factors that promote the extrinsic pathway, such as growth factors, hormones, DNA damage, or cytotoxic insults, can lead to apoptosis through the mitochondrial pathway. The control and regulation of mitochondrial membrane permeability occur through members of the Bcl-2 family of proteins. Bcl-2 family members interact with one another to orchestrate either pro-or antiapoptotic activities via mitochondrial membrane regulation (73) . Permeabilization of the mitochondrial membrane, in association with loss of mitochondrial transmembrane potential, ultimately results in the release of proapoptotic factors and progression to cell death.
Contrary to our expectations, we found that agmatine protects mitochondrial membrane integrity and confers resistance to apoptosis induced by camptothecin or 5-fluorourocil (5-FU). The capacity to reduce oxidative stress, protect mitochondrial function, and suppress apoptosis would contribute to the beneficial effects observed with agmatine administration in models of injury and inflammatory pathologies.
MATERIALS AND METHODS
Materials. All chemicals were purchased from Sigma unless otherwise stated. We were unable to detect impurities by HPLC analysis in agmatine purchased from Aldrich. The Ha-Ras-transformed murine NIH-3T3 cell line [Ras/3T3; a generous gift from Dr. M. Kamps, University of California-San Diego (70) ] was used for cell culture experiments. Ras/3T3 cells were maintained in DMEM (Cellgro, Herndon, VA) supplemented with 5% FBS (Atlanta Biologicals, Atlanta, GA) and antibiotics. Rat kidney mitochondria (RKM) were isolated for the evaluation of mitochondrial membrane function. FACS analyses of cell cycle populations. Ras/3T3 cells were plated in the absence or presence of agmatine for the times indicated. Cells were harvested and gently fixed (62) , and DNA was stained with propidium iodide and evaluated by FACS analysis. The University of California-San Diego Flow Cytometry Facility performed the staining and FACS analyses.
Hoechst staining. Ras/3T3 cells were grown on chamber slides for 10 days with or without 1 mM agmatine, incubated with Hoechst stain (0.2 g/ml), and viewed with an ultraviolet filter (excitation: 365 nm and emission: 480 nm).
Isolation of RKM. RKM were isolated by conventional differential centrifugation in a standard medium containing 250 mM sucrose, 5 mM HEPES (pH 7.4), and 1 mM EGTA; EGTA was omitted from the final washing solution. Protein content was measured by the biuret method with BSA as the standard (24) . These studies were performed in accordance with the guiding principles in the care and use of animals and were approved by the Italian Ministry of Health.
Standard incubation procedures for RKM. RKM (1 mg protein/ml) were incubated in a water-jacketed cell at 20°C. The standard medium contained 200 mM sucrose, 10 mM HEPES (pH 7.4), 5 mM succinate, and 1.25 M rotenone. Variations and/or other additions are described with the individual experiments presented.
Uptake of agmatine into RKM. Mitochondrial incorporation of [ 14 C]agmatine was determined by a centrifugal filtration method as previously described (66) . The above-mentioned sucrose-based medium was chosen for this study to compare the obtained results with those previously determined in the liver (13) and also with those obtained for polyamine transport (for a review, see Ref. 67) . The effects of higher ionic strength media were also determined. The results for RKM were similar to results previously reported in rat liver mitochondria (RLM). [ 14 C]agmatine was prepared as previously reported (13) .
Determination of mitochondrial functions. Membrane potential (⌬⌿) was calculated on the basis of the distribution of the lipidsoluble cation tetraphenylphosphonium (TPP) through the inner membrane, measured by a TPP-positive-specific electrode prepared in our laboratory according to previously published procedures (34) . Mitochondrial matrix volume was calculated from the distributions of [ 14 C]sucrose and 3 H2O according to the method of Palmieri and Klingenberg (50) . Mitochondrial swelling was determined by measuring the apparent absorbance change of mitochondrial suspensions at 540 nm on a Kontron Uvikon model 922 spectrophotometer equipped with thermostatic control. The protein sulfhydryl group oxidation assay was performed as in the study by Santos et al. (55) . The production of H 2O2 in RLM was measured fluorometrically by the scopoletin method (45) in an Aminco-Bowman 4-8202 spectrofluorometer. A Clark electrode (Yellow Spring Instruments) in a closed vessel equipped with a thermostatic control and magnetic stirrer was used to measure respiratory parameters.
Western blot analysis. Ras/3T3 cells were collected and lysed [lysis buffer contained 1% Triton X-100, 0.5% deoxycholic acid, 1 mM EDTA, 0.1% SDS, 4 mM NaF, complete protease cocktail (Roche Molecular Biochemicals, Mannheim, Germany), 0.7 g/ml pepstatin, and 1 mM NaVO 4 in PBS]. Lysates at 50 g/lane were resolved on 12% NuPAGE gels in MOPS buffer (Invitrogen, Carlsbad, CA). Gel proteins were transferred to nitrocellulose membranes and immunoblotted with the appropriate primary antibody as indicated. The secondary antibody was horseradish peroxidase conjugated (Santa Cruz Biotechnology, Santa Cruz, CA) for autoradiographic detection by ECL Plus (Amersham Pharmacia, Piscataway, NJ) with densitometric analysis by ImageJ software (National Institutes of Health, Bethesda, MD).
Caspase-3 activity. Ac-DEVD-AFC (100 M) in lysis buffer [25 mM HEPES (pH 7.5), 0.1% Triton X-100, 5 mM MgCl 2, 1.3 mM EGTA, 1 mM EDTA, and 2 mM DTT] was used as a specific substrate for caspase-3 activity and detected on a Spectron Max Gemini EM Plate Reader. Incubations were for 4 days with or without 0.3 mM agmatine unless otherwise noted.
HPLC determination of polyamine content. Ras/3T3 cells were grown in six-well plates for 4 days with or without agmatine (0.3 mM) and/or camptothecin (20 M) (n ϭ 3 for 6 conditions). Cells were washed and then lysed using 10% tricarboxylic acid (200 l) as previously described (33) . Cell lysates were collected and centrifuged to isolate denatured cell debris for protein analysis, and the supernatant was ether extracted and lyophilized to concentrate amino acids and polyamines. Samples and known standards were resuspended in 10 l PBS and derivatized for fluorescence detection of primary and secondary amine groups with N-hydroxysuccinimidyl-6-aminoquinoyl carbamate as per the kit instructions (AccQ tag, Waters). The elution gradient was loosely based on the AccQ tag kit instructions. HPLC was performed using a Hewlett Packard 1100 series system with a 50 mm, 2.1-m ODS Hypersil C-18 RP column (Hewlett Packard) maintained at 45°C. Peak heights for each analyte derived from replicate runs were averaged and normalized using standards to establish the concentration of each sample. Samples were then normalized for protein content to enable the comparison of mean values among experimental conditions. Statistical evaluations. Variations between samples within groups were analyzed by ANOVA, with significance determined by Fisher's protected least-significant difference post hoc test. KleidaGraph software (version 4.03, Synergy Software) was used for these analyses.
RESULTS
Effects of agmatine on DNA. The growth-suppressive effects of agmatine may be due to a decrease in the mitotic rate, an increase in cell death, or both. We and others have shown that the administration of agmatine suppresses the mitotic rate by measuring [ 3 H]thymidine incorporation in several cell lines (16, 53, 59 ) and in vivo (32). Agmatine is not toxic to any cell lines at the doses administered, as determined by trypan blue exclusion (data not shown). FACS analysis of propidium iodide in Ras/3T3 cells revealed a lack of asymmetry to the left of the 2N (G 1 ) cell population, representing a lack of apoptotic DNA fragmentation after 10 days in culture with agmatine (Fig. 1A) . Complementary to this result, Hoechst staining (Fig.  1B) did not exhibit an increase in chromatin condensation.
RKM transport of agmatine. RKM took up ϳ60 nmol of [ 14 C]agmatine/mg protein in 30 min of incubation. Collapse of ⌬⌿ with the addition of FCCP completely inhibited transport ( Fig. 2A) , demonstrating an energy-dependent mode of transport. In a saline medium containing 50 mM NaCl, the net agmatine uptake was ϳ6 nmol/mg protein in 30 min (Fig. 2A) . In the presence of high ionic strength media, agmatine transport was also considerably inhibited in RLM (13) . Taking into account that the matrix volume of 1 mg of mitochondrial protein is ϳ1 l, agmatine inner concentrations reached ϳ6 mM. Matrix concentrations can also reach the millimolar level with the transport of nanomolar concentrations of exogenous agmatine. This fact allows the transport of agmatine in the presence of high ion concentrations, i.e., experimental conditions nearer to the physiological state, to generate a matrix concentration sufficient to exhibit its physiological effects. The mechanism of agmatine transport is different from that of amino acids and polyamines, as neither competed with agmatine for transport ( Fig. 2A) . Similar results have previously been determined in liver mitochondria (54) . This specificity of transport in mitochondria is notably different than transport through the cell membrane via polyamine transporters (58) . Estimation of kinetic parameters from initial rate measurements determined K m and V max values of 1.7 mM and 7.9 nmol⅐min Ϫ1 ⅐mg protein Ϫ1 , respectively (Fig. 2B ). These parameters are similar to those reported for agmatine transport in RLM (13) , with a slightly higher rate constant and lower affinity.
RKM bioenergetics in response to agmatine. The addition of agmatine did not affect ⌬⌿ at lower concentrations (Fig. 3A) . The gradual decrease in ⌬⌿ at higher concentrations is due to the transport into mitochondrial matrix. At physiological pH, agmatine is a bivalent cation, and its transport provokes a slight decrease of ⌬⌿. Agmatine did not alter the respiratory control index of RKM (Fig. 3B) . Hence, the amine does not result in any significant alteration of bioenergetic parameters of RKM.
Ca 2ϩ induction in RKM of the mitochondrial permability transition. Generally, apoptotic stimuli are preceded by changes in the inner mitochondrial membrane that result in an opening of the mitochondrial permeability transition (MPT) pore. This event leads to mitochondrial swelling, loss of the mitochondrial transmembrane potential, and release of proteins from the intermembrane space into the cytosol, such as the proapoptotic protein cytochrome c. The results shown in Fig. 4 demonstrate that isolated RKM treated with supraphysiological Ca 2ϩ concentration generate ROS, with oxidative stress and induction of the MPT ensuing, triggering the proapoptotic pathway. ROS generation by Ca 2ϩ is due to the interaction of the cation with the cardiolipin domain of the mitochondrial inner membrane, which affects the electron flux through the respiratory chain at the level of ubiquinone pool. This effect favors an increased accumulation of the semiquinone radical, which reacts with molecular oxygen to generate superoxide anion, hydrogen peroxide, and other ROS. ROS generation induces an oxidative stress resulting in the oxidation of sulphydryl groups (Fig. 4B ) and glutathione and pyridine nucleotides (results not reported). ROS generation by Ca 2ϩ has been previously demonstrated together with its mechanism (27) . Agmatine reduced hydrogen peroxide production (Fig. 4A) and oxidation of sulfhydryl groups (Fig. 4B) , glutathione, and pyridine nucleotides (results not reported) in RKM in response to Ca 2ϩ (80 M), thereby acting as a free radical scavenger. Its protective effects were dose dependent. Generation of ROS was also confirmed using the probe Ampex red. These dose-dependent effects, in the absence of Ca 2ϩ (control, ϪCa 2ϩ ) or in the presence of agmatine alone, had little effect on hydrogen peroxide production or sulfhydryl oxidation. Agmatine administration also protected, in a concentration-dependent manner, against Ca 2ϩ -induced mitochondrial swelling (Fig. 4C) , reduced ⌬⌿ (Fig.  4D) , and cytochrome c release (Fig. 4E) . In this last experiment, we show only the effects of 0.3 mM agmatine. In RLM, agmatine administration increased hydrogen peroxide generation due to catabolic oxidation, decreased rat liver mitochondrial respiration, and markedly augmented Ca 2ϩ -induced MPT, especially at low concentrations (7). Thus, agmatine protects kidney mitochondria from MPT, in part through its capacity as a free radical scavenger, in contrast to the effects in RLM.
Bcl-2 family proteins. As the mitochondrial sentinels of programmed cell death, the Bcl-2 family of proteins has either pro-or antiapoptotic activities. Incompletely understood signaling events convey intrinsic signals from an initial insult, such as DNA damage or growth factor depravation, to activate Bcl-2 proteins. Temporal analysis of protein expression revealed a significant decrease in proapoptotic Bad as well as in its phosphorylated inactivated form in response to agmatine administration (300 M; Fig. 5 ). p53-upregulated modulator of apoptosis (PUMA) was also significantly decreased at day 7. Bad and PUMA are members of the BH3-only domain proteins that can activate other proapoptotic members or, in the case of PUMA, may act as a sensitizer or directly as an activator of apoptosis (40) . Other Bcl-2 family members evaluated included Bcl-2, Bax, Bik, Bcl-2 modifying factor, and Bcl-x L . Total protein expression of these members was not significantly affected; however, we did not evaluate potential changes in their subcellular localization.
Effects of agmatine on caspase-3. Caspase-3 is an execution caspase of the apoptotic response due, in part, to its cleavage of poly(ADP-ribose) polymerase. As shown in Fig. 6A , Ras/3T3 cells exposed to agmatine exhibited a temporal decrease in caspase-3 protein levels, with increasing caspase-3 fragments typical of proteolytic cleavage. However, caspase-3 activity in Ras/3T3 cells decreased in a time-and concentration-dependent manner in response to agmatine (Fig. 6B) . The reduction of Bad expression temporally correlated with that of caspase-3.
Agmatine suppresses apoptosis induced by 5-FU or camptothecin. We evaluated caspase-3 activity to monitor apoptosis induced by a 24-h incubation with either 5-FU or camptothecin. Both apoptotic mediators markedly increased caspase-3 activity in Ras/3T3 cells. This induction was significantly suppressed in the presence of agmatine (300 M; Fig. 7A ). These effects were maximal by 7 days of incubation (Fig. 7B ). Preloading cells with putrescine yielded no effect on basal or camptothecin-induced levels of caspase-3 activity but significantly attenuated the suppressive effects of agmatine (Fig. 7C) . Inhibition of the uptake of agmatine with the polyamine transport inhibitor MQT-1483 also significantly reduced the effects of agmatine (Fig. 7D) , implying that the effects are not receptor mediated. The results shown in Fig. 7E demonstrate the effects of agmatine on Ras/3T3 intracellular polyamine content. The results mirror those for the kidney proximal cell line, MCT (59) , and additionally show no significant effects of camptothecin on the reduction of polyamines in response to agmatine. These results demonstrate that the antiapoptotic effects of agmatine are dependent on internalization of the amine and polyamine depletion.
DISCUSSION
Polyamine biosynthesis has been of interest in the study of apoptosis since the early 1990s. Initial studies on apoptosis in thymocytes observed polyamine depletion as an unsuspected finding and hypothesized that polyamine depletion contributed to the activation of apoptosis (25) . Agmatine depletes intracellular polyamine levels to suppress growth (4, 16, 22, 29, 46, 59, 68) . Supplementation with the polyamine putrescine attenuates this effect (22, 33, 59) . Our results indicate that agmatine administration protects against indexes of apoptosis in both a transformed cell line and isolated RKM. Oxidative stress induced by Ca 2ϩ , in the presence of phosphate, leads to the opening of the MPT pore and the consequent release of Fig. 5 . Expression of Bcl-2 family proteins. Western blot analysis of protein expression of Bcl-2 family member proteins is shown. Cells were incubated with 500 M AGM for the days indicated on the x-axis. Measurements of protein expression were derived by densitometry (ImageJ software). Standard deviations for control (Con) cells not administered AGM were derived from the densitometry values of 3 independent experiments and normalized for ␤-actin. Standard deviations of the agmatine-treated samples were determined as percentages of the mean control value. P Յ 0.0005, expression of both BAD and phosphorylated BAD (p-BAD) from day 2 through day 7 relative to control. P Յ 0.05, p53-upregulated modulator of apoptosis (PUMA) expression at day 7 relative to control. Values are from 3 independent experiments. cytochrome c (Fig. 4) . This event triggers the intrinsic caspasedependent apoptotic pathway, resulting in the apoptotic phenotype, in Ras/3T3 cells, as evidenced here by the increase of caspase-3 activity upon treatment with 5-FU or camptothecin (Figs. 6 and 7) . Agmatine, by scavenging ROS, prevents oxidative stress, MPT induction, and cytochrome c release (Fig. 4) and decreases caspase-3 activity by blocking the intrinsic apoptotic pathway (Figs. 6 and 7) . The addition of polyamines reduces this protective effect and restores camptothecin-induced apoptosis in vitro.
d,l-␣-Difluoromethyl ornithine (DFMO) selectively inhibits ODC activity and has been widely used to deplete polyamine levels in vitro and in vivo. DFMO alone does not appear to induce apoptosis (49) except when used synergistically with other compounds (42, 49) or in particular cells that are predisposed to transformation (11, 51, 77) . Some tumor cell lines can also undergo apoptosis when administered agmatine (71) . In addition to inhibiting ODC, DFMO causes a compensatory increase in polyamine transport (10, 57) and increases oxidative stress in the cell by reducing the free radical-quenching properties inherent to polyamines (19, 28) . However, several examples of polyamine depletion curbing apoptotic induction have also been described. Etoposide reduces intracellular polyamine content by increasing polyamine oxidation and thus hydrogen peroxide formation in a fibroblast cell line (43) . The increased oxidative stress of polyamine metabolism is associated with apoptosis in this model. DFMO reduction of the substrate polyamines thus reduces apoptosis. DFMO also suppresses caspase and ERK activation in response to etoposide (64). A series of elegant experiments (75) delineated the transduction pathways of apoptosis in the intestinal epithelial cell line IEC-6. In this study (75) , DFMO conferred protective effects against camptothecin-induced apoptosis. However, this may be cell type specific as IEC-6 cells respond to DFMO by activation of ERK1/2 (9), which is contrary to previously reported cellular responses of DFMO on ERK1/2 (6). Thus, these naturally proliferating intestinal cells may have characteristics that selectively suppress apoptosis in response to DFMO and/or may maintain sufficient free radical-scavenging capacity in the presence of reduced polyamine levels such that apoptosis is not induced.
Evidence supports a complex relationship between polyamines and apoptosis that depends on the cell type, death stimulus, extracellular milieu, and status and active pathways of intracellular polyamines (18) . A compensatory upregulation of polyamine transporters by DFMO emphasizes the relevance of the extracellular milieu (63) . Polyamines function as free radical scavengers and can protect against apoptosis (19, 28) . The impact of DFMO on the oxidative state of cells, in combination with their varying antioxidant capacities of differing cell types, would contribute to the disparity of the reported responses of DFMO. In this regard, we show that agmatine also functions as a free radical scavenger, thereby restoring this protective function in the setting of depleted polyamine levels. The lack of other commercially accessible polyamine biosynthesis inhibitors makes DFMO a widely used and common factor among studies but also limits comparison studies by other agents. Agmatine depletes intracellular polyamine levels and, in two different model systems (ex vivo RKM and a transformed fibroblast cell line), we observed protective effects. The results presented here can be considered of physiological relevance, since the agmatine concentrations used in the experiments and the K m calculated for transport (1.7 mM) are compatible with the concentration of agmatine normally measured in kidney cells [0.5-1 mM (Ref. 44 and A. Toninello and V. Battaglia, unpublished observations)]. It should be noted that fluctuations in these concentrations can occur in pathophysiological states (20) . For example, the concentration of agmatine can increase ϳ20-fold in the rat aorta after ischemic injury (14) . Similarly, taking into account the calculated V max (7.9 nmol⅐min Ϫ1 ⅐mg protein
Ϫ1
), the accumulation of the amine in the mitochondrial matrix can reach values much higher than those obtainable with the polyamines that have V max values in the order of 1-1.5 nmol⅐ min Ϫ1 ⅐mg protein Ϫ1 . Contrary to our results in RKM, low concentrations of agmatine exacerbated Ca 2ϩ -and phosphate-induced mitochondrial swelling and ⌬⌿ collapse in RLM preparations as well as induced apoptosis in hepatocytes in culture (7, 21) . However, at high concentrations, agmatine affords protection against mitochondrial swelling and ⌬⌿ collapse in RLM, similar to our findings in RKM. Differences appear to be cell type specific as agmatine in kidney epithelial, pulmonary endothelial, and fibroblast cell lines induces antizyme (5, 59), whereas in hepatocytes, agmatine induces spermidine/spermine-N 1 -acetyltransferase (SSAT), not antizyme (68) . In further support of this cell specificity in liver cells, we observed only an incremental, nonsignificant increase in SSAT expression in Ras/3T3 cells when exposed to agmatine over the course of 10 days (unpublished observations). Agmatine induction of SSAT in hepatocytes has been shown to deplete intracellular polyamines, with a correlative increase in hydrogen peroxide production in association with apoptosis (21) . SSAT and amine oxidase comprise a two-step interconversion of higher-order polyamines to lower-order polyamines, i.e., spermine to spermidine and spermidine to putrescine. Hydrogen peroxide and aldehyde production from these reactions contribute to the cytotoxic effect of abnormally high intracellular polyamine levels. This pathway of increased oxidative stress and cell death has provided a new therapeutic direction in the treatment of cancer (2, 3) . The biphasic response to agmatine in liver mitochondria is likely due to the balance of increased oxidative stress generated from the polyamine back conversion pathway being neutralized at higher concentrations of agmatine. At 1 mM agmatine, the redox state of mitochondrial sulfhydryl groups, glutathione and pyridine nucleotides, return to control levels in RLM preparations in the presence of Ca 2ϩ and phosphate (7) . Rat and human hepatoma cell lines also increase apoptosis in response to agmatine administration (71) . Thus, the marked induction of the back conversion of polyamine pathways appears cell type selective and would explain the apoptosis in liver cells in response to agmatine in these experiments.
Glomerulonephritis is an inflammatory disease process of the kidney glomeruli. The experimental Thy-1 model of proliferative glomerulonephritis consists of an acute inflammatory phase of glomerular mesangiolysis on day 1 followed by mesangial cell proliferation and extracellular matrix deposition by day 7. Both phases negatively affect the glomerular filtration rate (GFR). In this disease model, agmatine administration results in decreased ODC activity and [ 3 H]thymidine incorporation as well as reduced focal and segmental hypercellularity, matrix deposition, and glomerulosclerosis (32) . These effects were most apparent on day 7, with glomeruli appearing normal. Interestingly, despite similar day 1 parameters of injury in the Thy-1 control and Thy-1 ϩ agmatine-treated animals, GFRs were significantly improved on day 1 of agmatine treatment. Suppression of apoptosis in the early mesangiolytic phase of this model would account for the beneficial effect of agmatine on the GFR. Agmatine is beneficial in several other experimental models including hypoxia (17, 30) , ischemia-reperfusion (26, 35, 36, 38, 65, 72) , N-methyl-D-aspartic acid or glucocorticoid damage (41, 69, 76) , spinal cord and nerve injury (8, 23, 37, 74) , and diabetes (39) . We observed selective inhibition of inducible NO synthase by the aldehyde metabolite of agmatine and beneficial effects of agmatine administration in the LPS model of endotoxic shock (60) . Others have observed similar protection against LPS-induced cell death in cerebellar granule neurons (1) . This selective inhibitory affect on inducible NO synthase would contribute to the antiapoptotic capacity of agmatine in models of inflammation. The capacity of agmatine to reduce oxidative stress and protect mitochondrial function likely contributes to the uniformity of these results.
In conclusion, we report that cellular attrition through apoptosis does not contribute to the antiproliferative effects of agmatine but rather that agmatine confers resistance to apoptosis. Protective effects were observed in Ras/3T3 cells in culture as well as ex vivo RKM. Aberrant apoptosis and/or proliferation were common pathological complications. A molecule that can suppress apoptosis while depleting intracellular polyamines required for proliferation without exhausting their free radical-scavenging capacity could prove a beneficial therapeutic tool. As we have previously shown in a model of glomerulonephritis (8), agmatine may be a candidate for adjunctive therapy as well as a model for drug design in this and other pathological settings.
